The effects of fuel temperature on both the geometry and the droplet size and velocity of a GDI swirled injector spray were investigated by means of visualizations and PDA measurements. Isooctane was used as model fuel and was injected in a quiescent bomb at injection pressure of 7 MPa. Bomb pressure ranged from 40 kPa to 800 kPa with injector nozzle temperature ranging from 293 K to 393 K. A drastic change in spray geometry was observed when conditions above the vaporization curve were reached. The temperature increase has two macroscopic effects on the spray geometry: at the nozzle exit the liquid flash boiling strongly enlarges the spray angle, at a certain distance from the nozzle the air entrainment collapses the spray. Raising the fuel temperature up to flash boiling conditions causes a significant decrease of the average droplet size.
INTRODUCTION
The potential advantages of gasoline direct injection (GDI) in terms of both fuel economy and efficient transient control are almost universally recognized. However, these advantages are dependent on a correct mixture preparation and distribution inside the cylinder. This means that both a proper atomizer and a thorough understanding of the processes involved in spray formation, vaporization and fuel distribution are needed [1] . High pressure swirl atomizers are so far the most common design proposed to fulfil the requirements of a real engine. At relatively moderate injection pressure they present a well atomized spray with a fairly limited penetration. At standard ambient conditions a pressure swirled injector produces a typical hollow cone spray structure [2] . However the spray characteristics of these injectors are strongly dependent on both internal and external operating conditions. In fact the hollow cone structure can disappears because of rail pressure variations [3] . Moreover the spray structure observed under cold conditions can change at high fuel temperature [3, 4] . In this work pure isooctane was injected (by a prototype Magneti Marelli injector) in a quiescent bomb. Injector tip temperature and bomb pressure were parametrically changed at constant injection pressure. Spray geometry and penetration were observed by simple visualization methods, droplet size and velocity were measured by Phase Doppler Anemometry (PDA).
EXPERIMENTAL SETUP AND PROCEDURE
The experimental apparatus usually employed at CNR-TeMPE for unsteady spray optical diagnostics [5] [6] [7] was slightly modified for this study.
The stainless steel injection bomb (sketched in Figure 1 ) has internal diameter 206 mm and height 300 mm. It has four 100 mm diameter 40 mm thick glass windows positioned at 0°, 110°, 180° and 270° angles. It can be pressurized up to 1 MPa and electrically heated up to 473 K. The injector injected downward on the bomb axis and was placed in a holder presenting a cavity for the heat exchange fluid circulation. SAE 15W-40 oil heated in a thermostatic bath was forced by a circulation pump in the injector holder. A K-type thermocouple, placed in contact with the injector tip wall, was used to control the injector temperature. Due to the low injection frequency ( <1 Hz) and the low fuel flow rate, the fuel present inside the injector nozzle was in thermal equilibrium with the wall. A 0.5 mm diameter thermocouple was placed inside the injector pipe at the position of the internal filter and was used to control the fuel temperature stability.
A piston accumulator was used to pressurize the fuel at 7 MPa by means of pressurized nitrogen. A membrane-type accumulator was placed near the injector to dampen pressure oscillations during injector opening. Pressure variations of ±150 kPa around a steady value were measured by means of a Kistler 601A transducer placed at the end of the injector hose.
The spray bomb was pressurized by nitrogen and for tests below atmospheric pressure a compressed air vacuum generator was used. The bomb pressure was measured by means of a Kistler 4075A10 transducer.
The injection opening pulse duration was set at 3 ms by the control unit.
VISUALIZATION TECHNIQUES
Visualizations were used to measure spray tip penetration and spray angle. A single shot 8-bit black and white TV camera (FlashCam by PCO GmbH) was used for the visualizations. The camera has a CCD of 752x572 pixels 11µm x 11µm, but the image is captured on a single field giving a 752x286 spatial resolution with 11µm x 22µm effective pixel dimension. The minimum exposure time of 1 µs was used. The camera was placed to have its maximum resolution along the spray axis and the optics adjusted to have a scale of 1 pixel to 100 µm. A flash lamp was placed perpendicular to the view axis and a mirror placed in front of it to obtain a uniform illumination on both sides of the spray (Fig. 2) . A variable delay with respect to the injection trigger was applied to camera and flash triggers in order to obtain images at different times during the injection. For every one of the working conditions studied, various images were captured at different times with a step interval of 100 µs. The time values reported in the paper have the injection command pulse beginning as origin. From these images measurements of the spray tip penetration and of the spray angle were obtained. To extract the spray tip penetration value from the acquired images the intensity profile along the spray axes, averaged on the image width, was measured (Fig. 3) . Spray tip position was conventionally assumed to be at the distance where the intensity profile fell under 10% of its maximum. This technique allows repeatable penetration measurements even in very different conditions of illumination [8] . The spray angle was obtained from the binarized image fixing a threshold of 10 (out of the 256 grey levels of the 8-bit image) for the image background. Two characteristic angle values were considered: one averaged at 0.8-2.8 mm distance from the injector nose and a second one at 7-10 mm. For the angle at the nozzle exit, series of macro images were captured with a scale of 1 pixel to 9 µm.
PHASE DOPPLER ANEMOMETRY
A Dantec Phase Doppler Anemometer was utilized to measure droplet velocities and diameters. The Laser source was a Spectra Physics 2020 Ar+, only the green wavelength (514.5 nm) was used, performing two different acquisitions for measuring the axial and radial components of the velocity. The laser power was maintained at 1 W. For PDA measurements a 70° scattering angle was used (Fig. 2) for improved spatial resolution and reduced dependence on possible variation of the fuel refractive index with temperature [9] . For simple Laser Doppler Velocimetry (LDV) measurements a back scattering configuration was selected. The adopted optical configuration allowed a maximum measurable velocity of 120 m/s and a maximum measurable diameter of 82 µm. The measurement points coordinates have the injector nozzle center as origin. The Z axis is coincident with the injector axis and directed downward. The radial position R y is measured along the Y axis, normal to the transmitting optics axis as shown in Figure 2 . The axial velocity U is positive if directed downward. The radial velocity V is positive if directed outward. Two radial profiles with 1 mm step at Z=15 mm and Z=30 mm were acquired. Up to 3000 measurements for each position and component were acquired. An averaging time interval of 50 µs was chosen for the spray transient phase. Steady state data were averaged on 0.5 ms time windows.
WORKING CONDITIONS
Four injector nozzle temperature values (T n ) and four bomb pressure levels (p g ) were tested. In all of the tested conditions both the injection pressure (7 MPa) and the injection duration (3 ms) were maintained fixed. The bomb was not heated, but an increase up to 20°C of the bomb gas temperature during the tests at high injector temperature was observed. In Table 1 the different test conditions are summarized. After the operating conditions were stabilized, the injector was operated at about 0.5 Hz frequency and either visualizations or velocimetry measurements were performed.
VISUALIZATION EXPERIMENTAL RESULTS
Some preliminary tests were performed in order to establish the effective hollow cone structure of the spray at ambient conditions. A first sequence of images was obtained mounting the injector horizontally on a side window of the bomb and cutting the spray cone by means of a laser sheet normal to the spray axis at different distances from the nozzle. The camera was placed on the injector axis facing the nozzle. In Figure 4a a section obtained at 20 mm distance from the nozzle is shown. A second series of images was obtained, with the injector mounted in its normal position, mechanically cutting the spray . Two parallel blades, divided by a 2 mm gap, were positioned at 18 mm distance from the nozzle. The camera position and the flash lamp illumination were the ones reported in Figure 2 . An image of the spray section obtained in this way is shown in Figure 4b . Obviously the spray slice emerging from the cutting device at 5 mm distance from the cutting point does not behaves as the complete spray. Therefore this image gives only an indication of the spray distribution at the cutting position. Both images refer to the quasi-steady regime and seem to confirm the hollow cone structure of the spray, at least in the near field region and under ambient operating conditions. The reduced image sequence reported in Figure 5 gives the spray evolution at ambient conditions. The typical swirled atomizer cone shaped spray structure is formed about 0.5 ms after the first appearance of the fuel outside the nozzle. A pilot jet positioned slightly asymmetrically with respect to the injector axis precedes this structure. After the development of the conic structure, a toroidal vortex appears, caused by the interaction of the spray head with the surrounding gas. Similar phenomena have been observed by other investigators (e.g. Comer et al. [10] ). The cone angle decreases along the spray axis and the vortex causes a further narrowing of the internal spray structure. These typical structures are affected by the changes of the working conditions, as indicated by the spray images shown in Figure 6 , which were captured 1.3 ms after the injection command, for different values of gas pressure and nozzle temperature. At subatmospheric pressure (40 kPa) and 293 K nozzle temperature (Fig. 6a ) the first part of the spray (from the nozzle to about 15 mm distance) has a fully conical shape with a straight edge. The vortex, centered at about 30 mm from the nozzle, with its air motion component going toward the spray axis causes an inward curvature of the spray edges resulting in the so called spray contraction [11] . No particular difference is noticed increasing the nozzle temperature to 343 K, but at 363 K a dramatic change in the spray structure occurs. The spray cone angle at the nozzle exit becomes wider, but it undergoes to a rapid decay along the spray axis and the vortex causes a very strong contraction of the spray. These effects are enhanced increasing the nozzle temperature to 393 K (Fig. 6d) . The contraction of the spray causes faster spray tip penetration.
Increasing the bomb pressure to atmospheric level at 293 K nozzle temperature the spray appears less open than the equivalent subatmospheric case (Fig. 6b) . It maintains the same initial cone angle, but it tends to close faster along its axis. This structure is preserved up to 343 K with minor changes in spray tip penetration. The temperature effect is evident at 393 K (Fig. 6e) with an increase of the squeezing effect and the following increase in spray tip penetration. Although clear, the effect is less substantial than at subatmospheric pressure.
Raising the bomb pressure to 800 kPa the spray structure results narrower and shorter even at 293 K temperature ( Fig. 6c ) and only minor changes are caused by the temperature increase (Fig. 6f) .
A clear view of these effects is given by spray tip penetration and spray angle plots. In Figure 7 the behaviour of the spray tip penetration at 40 kPa bomb pressure at different nozzle temperatures is shown. The nozzle temperature increase causes an increase of the spray tip penetration. Although the initial tip velocity is higher at low temperature, the spray contraction occurring at high temperature causes a slower velocity decay during the spray tip advance. The average spray angle between 0.8 and 2.8 mm does not change up to 343 K nozzle temperature, but a further temperature increase causes an enlargement of the angle as shown in Figure 8 . Completely different is the behaviour of the angle averaged between 7 and 10 mm, as shown in the same figure. In this case the angle is always lower than the previous one and stays almost constant up to 363 K, but a visible decrease is noticed at 393 K.
At atmospheric pressure the same effects on both spray tip penetration and spray angle are noticed only for the higher nozzle temperature case. Figures 9 and 10 show the effect of bomb gas pressure at 293 K nozzle temperature. Only minor changes are noticed from 40 kPa to atmospheric pressure and a clear spray tip penetration decrease is shown by the curve for 800 kPa bomb pressure. However after the first 40 mm the spray tip velocity is almost the same for all the cases (Fig. 9) . For the two characteristic angles a sensible decrease is noticed only for the 800 kPa case (Fig. 10) .
In Figure 11 the very initial angle, obtained by magnified images at the nozzle during the quasi-steady spray period, is reported in terms of bomb pressure for 293 K and 393 K nozzle temperature. As shown at ambient temperature the exit angle tends to increase slightly with bomb pressure, while at high temperature the opposite effect is noticed. This is due to the "flash boiling" effect occurring when the fuel enters the spray chamber in superheated conditions (i.e. fuel temperature is over the boiling curve at the bomb pressure level).
PDA AND LDV MEASUREMENT RESULTS

DROPLET VELOCITIES
The axial (U) and radial (V) velocity profiles at 15 mm and 30 mm distance from the nozzle, averaged on the 1-1.5 ms time interval, are reported here as representative of the quasi-steady phase of the spray.
In Figure 12 axial velocity profiles measured at 15 mm from the nozzle at different nozzle temperature and bomb pressure are shown. At this short distance from the nozzle, the PDA measurements resulted very difficult during the main injection period after the initial transient, due to the light scattering of the dense region of the spray mantle, which prevented sufficient data rates and acceptable validations of the scattered signals to be reached. At lower gas pressure the possible lack of droplets inside the hollow cone spray could be a further problem. From data in Figure 12 , it is immediately clear that an increase of the nozzle temperature causes a decrease of droplet axial velocity at a given location, due to a shift of the velocity profile caused by the contraction of the spray structure. This effect is strong at low pressure and tends to vanish when the fuel temperature is below the boiling curve as for the case at 800 kPa bomb pressure. In this case the profiles tend to coincide. The effect of the bomb pressure at 293 K nozzle temperature is shown in Figure 13 where both axial and radial velocity are lowered by the pressure increase. The radial velocity is high for low pressure tests. In this case both the position where the droplets are detected and the velocity vector direction suggest a spray angle larger than the one measured by visualizations in the interval 7-10 mm distance from the injector. The droplet velocity angle is more similar to the initial (0.8-2.8 mm) spray angle. At 800 kPa bomb pressure the radial velocity profile shows negative values due to the effect of the spray head vortex. Also the spray width is reduced by pressure. The temperature effect is shown in Figure 14 where axial velocity profiles at different pressure are given . The pressure effect is lower but still noticeable for high nozzle temperature.
The measurements performed at 30 mm distance from the injector were extended closer to the axis because the spray resulted more diluted. Nevertheless the measurements well inside the spray cone were still difficult and the profiles in some cases are incomplete. The results confirm the contraction of the spray caused by the nozzle temperature increase. In Figure 15 the axial velocity profiles at different pressure for 293 K and 393 K nozzle temperature are shown. At 40 kPa pressure and 293 K temperature the profile of the axial mean velocity component shows a maximum at a radial location close to the visible spray edge. This behaviour is typical of the classical hollow cone structure characterized by an annular mantle with higher drop concentration and velocities. At 393 K temperature the spray cone results narrower but the spray "mantle" is thicker and high velocities are encountered in the internal. For both cases the maximum axial velocity is almost the same. Increasing the bomb pressure higher maximum axial velocities characterize the high temperature tests. However at 800 kPa pressure the temperature effect is negligible. The different averaging time interval (1.5-2 ms) used for this last case is suggested by the slower penetration of the spray tip. This means that the quasi steady regime is established later with respect to the higher penetration cases.
The initial unsteady regime is shown in Figure 16 where, for p g = 40 kPa and T n = 393 K, series of axial and radial velocity profiles averaged on 50 µs during the transient phase are compared with the quasi steady profiles averaged on 0.5 ms intervals. At the beginning an almost constant axial velocity is present on the whole profile, then an evolution to the typical hollow cone distribution occurs. A velocity decrease occurs after 2 ms. The radial velocity evolves from a quasi linear profile increasing with the spray radius, to a profile presenting low radial velocities either positive or negative. Negative velocities are due to the recirculation following the passage of the spray head.
In Figure 6 vectorial velocity plots are superimposed to the corresponding spray image. It is evident that at 15 mm distance from the nozzle the velocity measurement are limited to the external region of the spray. Only at 30 mm an almost complete profile is obtained. This fact underlines the disappearance of the typical hollow cone structure. In fact at high nozzle temperature and subatmospheric pressure the highest droplet velocities are encountered near the spray axis. The vortex structure is not followed by the averaged profiles presented in this figure, but it is clearly visible from the velocity vs. time profiles.
DROPLET DIAMETERS
The mean diameters measured at 15 mm distance from the nozzle shown in Figure 17 confirm a noticeable temperature effect. In fact at 393 K nozzle temperature the mean droplet diameters are almost halved with respect to the 293 K case. On the other hand a scarce pressure dependence is shown in Figure 18 . Figure 19 shows the mean diameter profiles at different chamber pressure, measured at 30 mm distance from the injector, at 293 K and 393 K nozzle temperature. At low temperature no large influence of the bomb pressure is noticed whereas at 393 K temperature a pressure increase causes an increase in droplet diameter. This suggests a strong effect of the flash boiling phenomenon, that becomes weaker when the bomb pressure increases from 40 kPa to atmospheric and disappears at 800 kPa. This effect of flash boiling on droplet mean diameter was noticed from Mie scattering images by other researchers [4] . In absence of flash boiling, considering the changes of surface tension and viscosity with temperature, a decrease of droplet mean diameters with temperature increase is expected. Atomization is proportional to liquid jet turbulence (lower the viscosity higher the turbulence) and to the gas action on the liquid sheet surface. This fact is in accordance with the results shown in Figure 20 where the mean droplet diameter profiles at 293 K and 393 K nozzle temperature at 800 kPa gas pressure are reported.
CONCLUSIONS AND FUTURE WORK
Strong changes in the structure and in the droplet mean diameter of the spray of a pressure swirled atomizer are caused both by external gas pressure and by fuel temperature.
In the experimental conditions described above the increase of the nozzle temperature, and consequently the increase of the fuel temperature, causes the increase of the spray tip penetration velocity and the decrease of the mean droplet diameter. These effects are more important at low gas pressure. A strong enlargement of the spray angle at the nozzle exit is noticed when the fuel temperature is above the boiling curve at injection bomb pressure conditions. At a certain distance from the nozzle a contraction of the spray cone occurs and the hollow cone structure disappears. In this case the highest droplet velocities are encountered near the spray axis.
The increase of spray chamber pressure causes a decrease of both the spray angle and the spray tip penetration. However, even if the flash boiling conditions are not achieved, the effect of fuel temperature on both spray tip penetration and mean droplet diameter is still present. In fact the high temperature spray tip penetration results higher than the low temperature one and a decrease of mean droplet diameter is noticed.
Further studies will concern a complete mapping of air velocity field around the spray in order to quantify air entrainment and its effect on spray structure. Other studies will regard the injection chamber gas temperature effects on both spray structure and droplet size. 
